The development of new electrocatalysts for the oxygen reduction reaction (ORR) is crucial for the sustainable energy economy. Both fundamental understanding of surface processes under operating conditions and suitable ORR activity measurements are necessary to select the best electrocatalyst candidate. In the present study, to contribute to this matter, we show that both the nature of alkali metal cations (Li + , Na + and K + ), composing supporting aqueous hydroxide solution, as well as the potential sweep rate in rotating disk electrode voltammetry measurements, influence the results of measurements of ORR activities of N-containing nanocarbons. Based on density functional theory calculations, we concluded that the specific interactions of hydrated cations with oxygen functional groups are responsible for such behaviour, leading to a close interplay between the electrode double layer charging and the parallel Faradaic process on carbon surface. From a practical point of view, the presented results indicate that it is necessary to standardize carefully the ORR measurements on different carbon materials.
INTRODUCTION
Growing energy demands require quick finding of efficient ways to convert and store energy. In this sense, electrochemistry offers a variety of possible solutions, providing different types of power sources. 1 Most of the contemporary everyday needs are satisfied with batteries, but they are far from perfect solution. On the other hand, fuel cells (FCs) are complementary to batteries in terms of energy and power densities, but are inevitably connected with the use of catal- ysts. The particular problem connected with the FCs is the sluggish oxygen reduction reaction (ORR) which is the cathode reaction in different types of FCs. 2 So far platinum and its alloys are unbeaten in terms of ORR catalytic performance. Nevertheless, many reports so far witness the high catalytic activity of carbon materials, dominantly in alkaline media. 3, 4 If a carbon material is doped with nitrogen, boron or phosphorus (or any of their combinations), catalytic activity can be further improved. 4, 5 Searching for novel efficient ORR catalyst requires proper catalyst testing and interpretation of obtained results. In the first step testing is done using rotating disk electrode (RDE) voltammetry, where the catalyst is deposited on the RDE surface in the form of a very thin film. 6 In general, Pt and its alloys have rather rich surface electrochemistry and the catalytic activity has been linked with surface processes taking place under operating conditions. 7 However, it is now widely accepted that the experimental conditions, like the potential scan rate in RDE voltammetry experiments, affects the measured catalytic activities, which was shown for both polycrystalline Pt 8 and Pt/C catalysts. 9 Hence, a lot of effort was invested to standardize the procedures for assessment of electrocatalytic activity of Pt-based catalysts, including both polycrystalline Pt and carbon-supported nanosized Pt. 10, 11 Another fundamental aspect related to catalyst testing would be the effect of the "inert" (supporting) electrolyte on the catalytic activity. When looking at standard textbooks in electrochemistry, inert electrolyte has many crucial roles, but it is essentially considered as a phase which contains electroactive species. Its effect on the electrochemical process itself should not be present, excluding the effects of pH, specific adsorption and the cases where concentration of inert electrolyte is low so that the effect of electrical double layer (EDL) structure is seen. 12 In practice, this is not the case. Over the years a significant number of results have been accumulated showing a substantial effect of the inert electrolyte on the electrochemical processes, although there are no electrochemical reactions in which inert electrolyte is directly involved. When considering catalytic activity, maybe the best known example is the work of Marković group, 13 which demonstrated the effect of alkali metal cation (M + ) from MOH aqueous solution on the catalytic activity of Pt(111) surface. When ORR is considered, the activity of Pt(111) surface increases in the following order: LiOH < NaOH < KOH < CsOH. 13 These effects were ascribed to the formation of OH ads -M + (H 2 O) n cluster on Pt surface, which block the active sites for ORR and reduce the catalytic activity as the hydration sphere of M + increases. 13 Quite recently the same topic was investigated by Bondarenka group, 14 who extended their investigation to the effects of alkali metal cations on hydrogen evolution reaction (HER) as well. 15 There are two interesting points to outline here. First, the effect of alkali metal cations is opposite for ORR and HER on Pt (and also depends on the metal which is used as the electrocatalyst), and second, the effect is seen in a wide potential window, at positive potentials corresponding to ORR and negative potentials corresponding to HER. When looking at carbon materials, just recently it was demonstrated that alkali metal and earth alkaline metal cations have striking effect on the process of electrochemical reduction of graphene-oxide. 16 This process takes place at potentials where cations from supporting electrolyte cannot be reduced, so the effect was ascribed to the interaction of M + and M 2+ with oxygen functional groups, resulting with their activation towards the reduction process. Hence, one might expect that the effect of alkali metal cations from supporting electrolyte could be expected in some other cases, like ORR.
Some time ago, our group observed the effect of the potential scan rate on the ORR activity of polymer-derived N-containing carbon materials, which was ascribed to the specific interactions of ions from the solution with nitrogen moieties in the materials' structure. 17 Such conclusion was motivated by the analogous effect of the potential scan rate on the capacitive response, essentially linking lower state of charge of EDL with higher catalytic activity. In essence, the effect was the same as in the case of Pt-based materials. Higher scan rate resulted with higher measured ORR activity, but the underlying mechanisms were different. Namely, in the case of Pt it is due to the place exchange process on partially oxidized surface. 8 This essentially means that capacitive and Faradaic processes are not independent and that the former affect the latter ones. In this work we analyze the effects of the potential scan rate in RDE voltammetry measurements of ORR activities of N-containing carbon materials and combine them with the effects of the "inert" electrolyte by providing the measurements in LiOH, NaOH and KOH aqueous solutions. For this study we selected the previously used N-containing polyaniline (PANI) derived carbons, denoted as C--PANI-SSA and C-PANI-DNSA, produced by the carbonization of PANI doped with 5-sulfosalicylic acid (SSA) and 3,5-dinitrosalicylic acid (DNSA), as described in details in literature. 17, 18 The obtained results point to a necessity of standardization of ORR measurements on carbon materials, which might be much more demanding than in the case of Pt-based catalysts.
EXPERIMENTAL

Electrochemical measurements
The N-containing carbon catalysts were prepared by dispersing 4.0 mg of C-PANI-SSA or C-PANI-DNSA sample in 1 cm 3 of ethanol/water mixture (40 vol.% of ethanol). The suspension was homogenized in an ultrasonic bath for 30 min. The suspension was drop-casted onto the surface of glassy carbon (GC) rotating disk electrode (geometrical cross-section area 0.196 cm 2 ) and dried under N 2 stream. After the catalyst layer was dried, it was covered with 10 μL of 0.05 wt.% solution of Nafion in ethanol. The solvent was removed by evaporation. The loading of carbon catalyst on the electrode was set to 200 μg cm -2 . Thus the obtained electrode was tested by cyclic voltammetry (CV) in selected aqueous electrolytic solution (0.1 mol dm -3 LiOH, NaOH or KOH; Sigma Aldrich, ACS grade) purged by nitrogen stream, to 904 P A Š T I et al.
investigate its capacitive response, or by RDE voltammetry in O 2 -saturated solution, to investigate its ORR electrocatalytic properties. The electrochemical measurements were done in a conventional one-compartment three-electrode electrochemical cell, with graphite rod as a counter electrode and a saturated calomel electrode (SCE) as a reference electrode. High purity N 2 and O 2 (99.995 %, Messer, Serbia) were used for these experiments. The measurements were done at room temperature using Gamry PCI4/750 potentiostat/galvanostat equipped with PINE rotator.
Theoretical calculations
Periodic DFT calculations were performed within the generalized gradient approximation (GGA) using Perdew-Burke-Ernzerhof (PBE) parametrization of exchange correlation functional. 19 All the calculations were spin-polarized and carried out using PWscf code of Quantum Espresso, 20 which incorporates ultra-soft pseudopotentials and plane wave basis set. The plane waves' kinetic energy cut-off was 36 Ry while the charge density cut-off was 576 Ry. The graphene surface were modelled as one layer consisted out of 24 atoms arranged in a honeycomb lattice, which corresponds to the (2√3×2√3)R30° structure, following previous reports. 21 N-doping was modelled by substituting one C atom with nitrogen, resulting with the nitrogen concentration of about 4.17 at.%. To model the oxidized surface of (doped) graphene one epoxy group was introduced on the surface, resulting with the same concentration of N and O (finally 4 at.% for both O and N). The position of epoxy group on the N-doped surface was located previously. 22 The k-point sampling was 4×4×1, generated using the scheme of Monkhorst and Pack. 23 The atomic positions were fully relaxed until the remaining forces on atoms were below 0.002 eV Å -1 . The calculations were performed with correction for the long range dispersion interactions using the DFT-D2 scheme of Grimme. 24 The interaction of alkali metal atoms (Li, Na and K) with the investigated graphene surfaces was quantified in terms of adsorption energies (E ads ) calculated as:
where E S+M , E S and E M stand for the total energy of O-functionalized graphene model surface (N-graphene, epoxy-graphene or N-epoxy-graphene) with alkali metal M, the total energy of a given model surface and the total energy of isolated M atom, respectively. Charge redistribution caused by alkali metal interaction with the modified graphene surfaces was visualized using 3D plots of charge density difference (∆ρ), defined as:
where ρ S+M , ρ S,frozen and ρ M represent the ground state charge densities of the substrate interacting with M, the frozen substrate when the adsorbate is removed, and of the isolated adsorbate in the configuration corresponding to adsorption, respectively.
RESULTS AND DISCUSSION
Selected PANI-derived carbons, C-PANI-SSA and C-PANI-DNSA, have the similar morphology dominated by 1D nanostructures (nanorods, accompanied with nanotubes in the case of C-PANI-SSA) but they differ in nitrogen and oxygen content and their textural properties. 17, 18 The main relevant characteristics are outlined in Table I .
The cyclic voltammograms of both C-PANI-DNSA ( Fig. 1 ) and C-PANI--SSA (Fig. 2 potentials (i.e. below −0.2 V vs. SCE). We ascribe this behaviour to pseudocapacitance associated with the presence of nitrogen and oxygen functional groups on their surface, which is triggered at negative potentials, while double layer capacitance is dominant at higher potentials. The provided cyclic voltammograms are normalized by the potential sweep rate, giving in fact differential capacitance. There are two general features which have to be outlined. First, the capacitance is significantly higher when the potential sweep rate is lower, and, second, the capacitive response increases from LiOH to NaOH and becomes the highest in KOH solution. The same effect was also observed in the case of graphene with a small fraction of oxygen functional groups, and explained by the specific interactions of alkali metal cations from the solution with these surface functional groups. 25 Considering the contribution of pseudocapacitance, in the case of C-PANI-DNSA voltammograms are rather featureless, but in the case of C-PANI-SSA their shape, particularly in the low potential region, clearly indicates the presence of pseudocapacitance. Moreover, the capacitive response of C-PANI-SSA is 2-3 times higher than that of C-PANI-DNSA, in agreement with previous capacitance measurements. 18 We confirmed that the (pseudo)capacitive response of the investigated carbons is not influenced by the diffusion from the solution (by RDE experiments in blank solutions) and ascribed very different capacitive behaviour of C-PANI--DNSA and C-PANI-SSA primarily to the differences in their textural properties. C-PANI-DNSA is dominantly microporous (Table I) and diffusion in micropores is slower for more hydrated ions (Li + > Na + > K + ). In contrast, C-PANI-SSA has much more opened structure with higher contribution of mesopores (Table I) and the capacitive response at low potential sweep rates is quite similar in all three electrolytes (Fig. 2) . However, the capacitance decays from KOH to LiOH as in the case of C-PANI-DNSA.
ORR RDE polarization curves for C-PANI-DNSA ( Fig. 3 ) and C-PANI--SSA ( Fig. 4) show that both composition of supporting electrolyte and the potential scan rate affect the measured ORR activity.
When considering ORR currents recorded for C-PANI-DNSA at 10 mV s −1 (Fig. 3, left) , we see that ORR onset potential is almost unaffected by the electrolyte, but the differences are more pronounced in the mixed kinetics region. This coincides with the potential window where the capacitive response is the most sensitive to the potential scan rate and where the significant differences in the EDL state of charge arise for potential sweeps at different rates. In general, the current response in LiOH solution is smaller than in the cases of NaOH and KOH solutions, the latter two cases being quite similar. When ORR is measured at higher potential sweep rate (50 mV s −1 , Fig. 3 right) , more pronounced differences are seen in the kinetically controlled region, and the onset potential is shifted to more positive potential, compared to that observed at 10 mV s −1 . the practice to compare ORR activities on the basis of the onset potential, an immediate conclusion would be that the material is more catalytically active when measured at higher sweep rate. Considering the differences in a capacitive response, higher catalytic activity could be correlated with a lower state of charge at higher potential sweep rates. Hence, one might consider ions forming the EDL as spectator species, like OH ads for the case of Pt and Pt-based ORR electrocatalysts. 7 As previously observed, 17 we see that C-PANI-SSA is more active than ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
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C-PANI-DNSA, both in terms of ORR onset potential and the current response in kinetically controlled region and the mixed kinetics region (Fig. 4) . At low scan rate the behaviour is qualitatively similar to that of C-PANI-DNSA, but at 50 mV s −1 (Fig. 4, right) the behaviour is much different. An extreme effect of the supporting electrolyte is seen and the current response is affected by diffusion of O 2 even at very low ORR overpotentials. However, we again see that the highest activity is observed when measured in KOH, followed by NaOH and LiOH supporting electrolyte solution. We note that on both materials ORR is not under full diffusion control, and rather constant rise in ORR current is seen with the increase of cathodic polarization. We have previously shown that ORR on carbon materials is highly influenced by the catalyst loading, 17 but achieving the full diffusion control might result with such a high mass of the catalyst on the RDE surface that the necessary conditions for a well defined RDE experiments might be violated. Nevertheless, the variations in the current response in mixed kinetics region are a clear indication that the selectivity of carbon catalyst might also be influenced by the polarization scan rate and the supporting electrolyte composition. Hence, the ORR polarization curves were subjected to Koutecky-Levich (K-L) analysis, 26 in order to determine the apparent number of electrons consumed per O 2 molecule (n), i.e., the catalyst selectivity. The apparent number of electrons is determined from the slope of K-L lines defined by:
In Eq. (3), j(E) and j k (E) are the measured current density and the kinetic current density at a given electrode potential (E), respectively, while j d is the limiting diffusion current density (which indirectly depends on E via n). Furthermore, ν presents the kinematic viscosity of the solution (0.01 cm 2 s −1 ) 27 , D(O 2 ) is the diffusion coefficient of O 2 (1.9×10 −5 cm 2 s −1 ) 28 and c(O 2 ) is the concentration of dissolved O 2 (1.2×10 −6 mol cm −3 ). 28 The provided constants are given for KOH solution and any variation could lead to different j d in supporting electrolytes used here. However, we note that according to Strmcnik et al. 13 the limiting diffusion current in LiOH, NaOH and KOH are rather similar (within approx. 5 %) as it was observed that ORR is under the full diffusion control on Pt(111), insensitive to the supporting electrolyte (in the range of alkali metal hydroxides). Hence, we used the constants for 0.1 mol dm −3 KOH solutions to evaluate n for all three electrolytes. The catalyst selectivity towards O 2 reduction to OH − is given in Fig. 5 (evaluated at −0.7 V vs. SCE). The results indicate the behaviour which is expected from RDE polarization curves -with a few exceptions, n increases with the potential sweep rate and decreases from KOH to NaOH and, finally, LiOH. It is important to note that the number of electrons consumed per O 2 is between 2 and 4, but, generally, we consider that ORR actually proceeds via 2e − reduction to peroxide (HO 2 − ). Thus formed HO 2 − goes further into the chemical disproportiation to OH − and O 2 . When O 2 is formed in this chemical step it enters the next electrochemical reduction effectively increasing n above 2. 29 Based on this mechanism, the overall differences in ORR activities and selectivities of C-PANI-SSA and C-PANI-DNSA can be understood through the difference in textural properties/porosity. In the case of C-PANI-DNSA only the active sites at external surface could contribute to the activity, while in the case of C-PANI--SSA mesopores could also provide active sites for ORR. However, this cannot explain more delicate effects observed here.
Considering the effect of the potential scan rate, the results reported here agree with our previous results, where only KOH was used as the supporting electrolyte. 17 While the observed effects were previously ascribed to the interactions of M + with N moieties in carbons, based on literature, 30 we re-examined this explanation by DFT calculations. For this purpose, the interactions of alkali metal atoms were investigated with N(-O)-modified graphene surfaces (Fig. 6) .
While there is a difference between interactions of metal atoms and metal ions with surfaces (through the presence of hydration shells) we noted that everything was correct with the electron count in the system. In our calculations electron comes from alkali metal atom valence shell and in an electrochemical system it comes from outer electronic circuit, finally giving a charge-neutral system. From the charge density maps it can bee seen that this electron dominantly settles on carbon surface around the N(-O) defect and the defect itself. The obtained results (Fig. 6) show that the direct interactions with N in graphene surface is 910 P A Š T I et al.
energetically inferior compared to the interactions with oxygen functional groups, epoxide in this particular case. However, if N-dopant is present (as in the case of C-PANI-SSA and C-PANI-DNSA) at the surface, it further boosts the interactions of M with epoxide, in agreement with previous observations. 22 We note that it was observed previously that O-functional groups tend to aggregate around defects on carbon surface, 21 so this scenario could be generally applicable. Hence, the above given hypothesis might be only partially true -the interaction of alkali metal cations with the carbon surface is influenced by nitrogen incorporated in the structure, but indirectly, through the effect of nitrogen on the oxygen functional groups. The electron localization observed on the charge difference maps is considered as the origin of pseudocapacitance observed in voltammetric experiments ( Figs. 1 and 2 ). In order to correlate the theoretical calculations with the experimentally observed behaviour we compare hydration energies of Li + , Na + and K + with calculated adsorption energies (Fig. 6 ). In the series of alkali metal cations hydration energies increase from −520 (Li + ) to −410 kJ mol −1 (Na + ) and −320 kJ mol −1 (K + ). This means that in the case of Li + the adsorption energy of Li on N(-O) moieties the fraction hydration energy is smaller than in the case of Na and K, meaning that the hydration spheres of Li + can be less disrupted than in the case of Na + and particularly K + . This leads to the conclusion that (hydrated) Li + is located at larger distances from carbon surface than Na + and K + , whose hydration ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
EFFECTS OF ALKALI METAL CATIONS ON ORR 911 spheres can be partially disrupted at the expense of the interactions with surface functional groups, following general reaction:
In the equation above, C x is the fraction of graphene basal plane in the vicinity of N-O moieties and h is the number of H 2 O molecules in the hydration shell of M + . Extra electron brought to the system localizes at the N-O moiety and at the part of the graphene basal plane, according to Fig. 6 . The process described by Eq. (4) brings outer Helmholtz plane closer to the carbon surface. As smaller charge separation distances results with higher capacitance values, this additionally supports the difference in (pseudo)capacitive responses when switching from LiOH to NaOH and KOH, as experimentally observed. Now, there is an apparent discrepancy regarding the correlation between EDL state of charge and the ORR catalytic activity. Namely, if three different electrolytes are considered (keeping the potential sweep constant), then lower state of charge (the lower capacitance) results with lower ORR activity. If potential sweep rate effect is considered (in one electrolyte) than lower state of charge corresponds to higher ORR activity. We consider that both effects can be explained by the steric hindrance caused by hydrated alkali metal cations at N-O-containing carbon surface. If the effect of electrolyte is considered, then ORR is more hindered by larger hydrated Li + , while in the case of Na + and K + the O 2 molecule can penetrate through the layer of hydrated ions, whose hydration shell are partially disrupted via interactions with the surface functional groups according to Eq. (4). If the effect of the scan rate is considered the variation of activity, it can be understood through a smaller number of ions electrosorbed at the interface when potential sweep is faster ( Figs. 1 and 2) . In both cases we considered that there was a strong interplay between capacitive and Faradaic processes at the interface, two types of processes that are traditionally considered as independent and parallel to each other. This assumption is deeply incorporated in the procedures for testing ORR catalytic activity as capacitive response recorded in the absence of O 2 is considered as background.
Besides the fundamental aspect related to the interplay between EDL charging and electrocatalytic processes on the carbon surface, we noted that from the practical point of view presented the results indicated that it is necessary to carefully standardize measurements of ORR activity on carbon materials. However, an additional problem is related to the inherent presence of oxygen-containing groups on virtually any carbon surface. While the concentration and type of Ofunctional groups can differ greatly from one sample to another, the main problem is that we do not know what happens to them under electrochemical con-912 P A Š T I et al.
ditions and, as a rule, it is commonly considered that the groups on carbon surface in situ are identical to the ones identified ex situ (which often required vacuum conditions like in XPS). This is in contrast to the case of Pt-based catalyst where the presence and the concentration (that is the coverage) of O-surface groups is potential-dependent and can be controlled relatively easily. However, if one intends to use carbon as a FC catalyst, the most appropriate way to test the catalyst might be RDE chronoamperometry, as it provides information for both transient conditions (during EDL charging) and stationary conditions (as in operating FC). Moreover, due to the effect of catalyst loading on the ORR activity, the used loading should be reported precisely and/or ORR activity should be measured for several catalyst loadings. CONCLUSION We have demonstrated that both the composition (i.e., cation nature) of the supporting (inert) electrolyte and the potential sweep rate in the RDE voltammetry affect the measured ORR activities of N-containing nanocarbons. In general, the measured currents in the kinetic and the mixed control regions and ORR onset potentials are lower when the alkali metal cation from the electrolyte is more hydrated (Li + > Na + > K + ) and when the potential sweep is slower. The DFT calculations show that the interactions of hydrated M + with the oxygen functional groups could explain the effect of the supporting electrolyte and the potential sweep rate on the capacitive properties, which are deeply correlated with the ORR process on carbon surface. In overall, we conclude that the ORR (Faradaic process) must not be considered separately from both the EDL charging and the pseudocapacitive processes on carbon catalyst surface. The presented results also invoke the conclusion that it is necessary to standardize ORR measurements on carbon catalysts, as the experimental conditions could greatly affect the estimated ORR activity and the selectivity of studied carbon catalyst.
